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Abstract 
 
In the here presented thesis, we explore the role of branched actin networks in cell 
migration and antigen presentation, the two most relevant processes in dendritic cell 
biology.  
Branched actin networks construct lamellipodial protrusions at the leading edge of 
migrating cells. These are typically seen as adhesive structures, which mediate force 
transduction to the extracellular matrix that leads to forward locomotion. We ablated 
Arp2/3 nucleation promoting factor WAVE in DCs and found that the resulting cells 
lack lamellipodial protrusions. Instead, depending on the maturation state, one or 
multiple filopodia were formed. By challenging these cells in a variety of migration 
assays we found that lamellipodial protrusions are dispensable for the locomotion of 
leukocytes and actually dampen the speed of migration. However, lamellipodia are 
critically required to negotiate complex environments that DCs experience while they 
travel to the next draining lymph node. Taken together our results suggest that 
leukocyte lamellipodia have rather a sensory- than a force transducing function. 
Furthermore, we show for the first time structure and dynamics of dendritic cell F-
actin at the immunological synapse with naïve T cells. Dendritic cell F-actin appears 
as dynamic foci that are nucleated by the Arp2/3 complex. WAVE ablated dendritic 
cells show increased membrane tension, leading to an altered ultrastructure of the 
immunological synapse and severe T cell priming defects. These results point 
towards a previously unappreciated role of the cellular mechanics of dendritic cells in 
T cell activation. 
Additionally, we present a novel cell culture based system for the differentiation of 
dendritic cells from conditionally immortalized hematopoietic precursors. These 
precursor cells are genetically tractable via the CRISPR/Cas9 system while they 
retain their ability to differentiate into highly migratory dendritic cells and other 
immune cells. This will foster the study of all aspects of dendritic cell biology and 
beyond.    
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2.1  The actin cytoskeleton 
Actin, a 42kDa globular ATP-binding monomer (G-actin) is the basic building block 
for the polymerization of double stranded, right-handed helical actin filaments (F-
actin). Actin filaments have a polarity with a fast growing barbed- (+) and a slowly 
growing pointed (-) end, generated by the intrinsic polarity of G-actin. Above a critical 
concentration Actin-ATP monomers polymerize spontaneously and ATP is 
hydrolyzed to ADP (Fig.2A). In cells, the concentration of G-actin exceeds the critical 
concentration [3]. Consequently, the assembly and disassembly of F-actin and its 
dynamics has to be tightly regulated. Three highly interconnected modules, namely 
the actin nucleation, actin severing and actin contraction machinery, each defined by 
a set of proteins, ensure that at any given moment a cell can react to environmental 
cues by polymerizing or disassembling F-actin or by changing the properties of the 
actin network. 
 
 The actin nucleation machinery 2.1.1
To prevent spontaneous polymerization, G-actin is bound by the highly abundant 
actin monomer binding protein profilin at its barbed end, restricting polymerization to 
the barbed ends of filaments [4]. Additionally, it serves as a nucleotide exchange 
factor that exchanges adenosindiphosphat (ADP) with adenosintriphosphat (ATP) on 
actin monomers, thereby returning them to the polymerizable pool. Profilin bound G-
actin only polymerizes through the activity of nucleation factors whose two most 
prominent classes are the actin-related protein 2 and 3 (Arp2/3), together with its 
nucleation promoting factors (NPFs), and formins. Although they strongly differ in 
their structure and function two common modules can be identified: (1) a module that 
responds to upstream receptor signaling by binding to signaling molecules such as 
phosphatidylinositol 4,5-bishosphate (PIP2) or GTPases (e.g. Rac, Rho and Cdc42) 
and (2) a module that translates this signaling into actin polymerization. The function 
of Arp2/3 and formins will be discussed in the following sections in context of the 
characteristic structures they build, namely lamellipodia and filopodia. 
 
 Lamell ipodia, branched actin networks and Arp2/3 2.1.1.1
Lamellipodia are thin, sheet-like structures typically found at the leading edge of 
migrating cells. Their underlying structure is a dense, branched actin network that is 
constructed by Arp2/3. Arp2/3 is a seven-subunit complex that consists of the 
proteins Arp2 and 3 and five other proteins named ARPC1, ARPC2, ARPC3, ARPC4 
and ARPC5. It binds to the side of existing filaments where it branches of a new actin 
filament at a 70° angle with respect to the pre-existing filament. Arp2 and 3 are 
structurally highly similar to G-actin and simulate an actin dimer that is 
thermodynamically favorable to initiate nucleation (Fig.2A) [5].  
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However, Arp2/3 on its own is inactive and requires the activity of nucleation 
promoting factors (NPFs) of the Wiskott-Aldrich syndrome protein (WASP) 
superfamily whose most prominent members are WASP and WASP-family verprolin 
homologous protein (SCAR/WAVE). All members of the family share a similar 
domain structure with a C-terminal V region that binds profilin-actin monomers and a 
CA region that binds Arp2/3, providing a platform for actin polymerization [6].  
In contrast to the conserved C-terminal domain the N-terminal regulatory domains 
differ between members of the WASP superfamily. However, their common function 
is to integrate upstream signaling and to link to adaptor proteins that confine Arp2/3-
NPF activity to the plasma membrane. The N-terminal domain of WASP consist of a 
WASP homology 1 domain (WH1), a basic region, a Cdc42 and Rac interactive 
binding (CRIB) region, a GTPase-binding domain (GBD) and a proline rich domain 
(PRD) [6]. Under resting conditions, WASP is folded in an auto-inhibitory state by 
interaction of the VCA region with GBD. In response to upstream signaling Cdc42 
binds to GBD, the protein unfolds and the VCA region becomes accessible for 
Arp2/3 and G-actin. This activation can be reinforced by PIP2 or SRC homology 3 
domain (SH3) containing proteins that bind to the basic region or the PRD 
respectively. 
In contrast, the N-terminus of WAVE consists of a SCAR homology domain (SHD), a 
basic region and a PRD. WAVE does not appear as a monomer but together with 
four other proteins, namely BRICK1, ABI1, NAP1 and SRA1, forming the pentameric 
WAVE complex. Inhibition under resting conditions is mediated by binding of ABI1 
and BRICK to the VCA. Upon binding of Rac1 to SRA1 the WAVE complex becomes 
activated, which again can be reinforced by binding of other factors to SH3 or PRD. 
To build branched actin networks, Arp2/3 in concert with an NPF binds to an already 
existing filament and initiates actin polymerization on a new branch. However, in 
order to build dense networks, actin polymerization has to be limited to allow 
initiation of new branches. Therefore, actin filaments are soon bound by capping 
proteins (CPs) that prevent further polymerization, thereby allowing the cycle to start 
anew. 
 
 Filopodia, formins and parallel actin bundles  2.1.1.2
Filopodia are thin, spike-like protrusions that contain parallel bundles of actin 
filaments. Two non-exclusive mechanisms for their construction have been proposed. 
The first one proposes that Arp2/3 generated branches are not capped by CP but 
stabilized by vasodilator-stimulated phosphoprotein (VASP) that prevents capping. 
Linear filaments would then coalesce into a parallel bundle that is stabilized by the 
bundling protein Fascin [3]. The second model sees formin such as mammalian 
diaphanous related formin 1 (mDia1) as the prime constructor of parallel actin 
filaments. Formins appear as dimers, each consisting of an N-terminal regulatory- 
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and a C-terminal active region. The N-terminal region binds to upstream signaling 
molecules such as GTPases and upon activation, recruits Formins to the plasma 
membrane. The active region consists of two formin homology domains (FH1 and 
FH2). FH1 contains binding sites for profilin-actin on a flexible, rope-like structure. 
The FH2 dimer is doughnut-shaped and wraps around- and moves with barbed ends 
of actin filaments (Fig.2A). There it stabilizes and protects the growing parallel 
filaments from CPs that are again bundled by Fascin [7].  
 
 The actin severing machinery 2.1.2
Actin filaments have to be disassembled and recycled to ensure constant availability 
of polymerizable G-actin to build new structures. Upon polymerization, ATP on actin 
is hydrolyzed to ADP. Cofilin, a depolymerization factor, binds to ADP-actin where it 
mediates the release of actin monomers from the pointed end. Additionally, it severs 
actin filaments, which increases the number of available branched ends for new 
rounds of polymerization. 
 
  The actin contraction machinery 2.1.3
Non-muscle myosin II (NMII) mediates contractility of the actin cytoskeleton. It 
consists of three pairs of molecules: two heavy chains of 230kDa, two essential light 
chains (ELC) of 17kDa that stabilize the heavy chain and two regulatory light chains 
(RLC) of 20kDa that regulate the activity of NMII through their phosphorylation. The 
two heavy chains form globular head domains that have ATPase activity and contain 
binding sites for ATP and actin (Fig.2B). Binding sites for RLC and ELC are located 
in the neck region, which is followed by a long coiled-coil rod domain that mediates 
dimerization and association with other NMII molecules to form bipolar filaments 
whose globular domains point in opposing directions (Fig.2C) [8]. NMII contracts 
actin filaments in the so-called ‘power stroke’ cycle. Upon ATP binding, actin bound 
NMII releases the actin filament and undergoes a conformational change in the head 
domain that bends it towards the barbed end of the actin filament. ATP is hydrolyzed 
to ADP and phosphate and myosin binds the actin filament. Upon phosphate release 
the power stroke is initiated, moving the head domain to its original position and 
releasing ADP so the cycle can start anew. Thereby, myosin moves toward the 
branched end of the actin filament while the actin filament moves in the direction of 
its pointed end. As a consequence, bipolar myosin filaments glide actin filaments 
past each other, leading to overall filament contraction [9]. NMII activity is regulated 
by phosphorylation of RLC by kinases such as myosin light chain kinase (MLCK) or 
Rho-associated protein kinase (ROCK), which increases the ATPase activity of NMII 
[8]. 
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3  The role of leading edge protrusions in leukocyte cell  
migration 
 
The ability of cells to migrate is key to a variety of biological processes such as 
immune responses, embryonic development, but also pathological processes like 
metastasis. Migrating cells are polarized and exhibit a clearly defined front and back, 
referred to as leading edge and uropod respectively. Underlying this morphological 
polarity is the non-uniform distribution of a set of molecules that has been mainly 
studied in Dictyostelium and neutrophils [10]. Downstream signaling of these 
molecules leads to actin polymerization at the front of the cell that pushes out the 
plasma membrane and generates protrusions in the form of lamellipodia and 
filopodia while myosin contracts the actin network at the back of the cell. In the 
typical model of cell migration the occurring forces are coupled to the extracellular 
environment via specific adhesions on the lamellipodium to achieve forward 
locomotion. However, this view has been recently challenged in DCs, which show 
unimpaired migration in the absence of specific adhesions [11] and we set out to 
resolve this controversy.   
The following sections will give an overview of chemokine receptor signaling and the 
establishment of polarity. This will be followed by an overview of different modes of 
cell migration that will lead to the formulation of the aims of this study. 
 
3.1  G-protein coupled receptor signaling and the establishment 
of polarity 
Directed cell migration begins at the plasma membrane with binding of chemo 
attractants to their uniformly distributed respective receptors. In the case of 
leukocytes, these are G-protein coupled receptors (GPCRs), initiating 
guanosinediphosphat (GDP) to guanosintriphosphat (GTP) exchange on the trimeric 
G-protein. This leads to dissociation of the α- from the βγ subunit, which initiates 
downstream signaling [12]. Phosphatidylinositol-3 kinase (PI3K) and its antagonist 
Phosphatase and tensin homolog (PTEN), that acts as a phosphatidylinositol-3,4,5-
trisphosphate 3-phosphatase, are segregated and accumulate at the future leading 
edge and uropod respectively. Thereby, PI3Ks product phosphatidylinositol-3,4,5- 
triphosphate (PIP3) can locally accumulate in the plasma membrane where it recruits 
proteins that contain plexstrin homology (PH) domains such as protein kinase B or 
guanine exchange factors (GEFs). Additionally, WASP and WAVE are recruited as 
they contain PIP3 binding domains. Furthermore, localized activation of GEFs at the 
future leading edge for the Rho GTPases Cdc42 and Rac in turn leads to activation 
of actin nucleation factors [13]. Taken together, these highly interconnected 
pathways lead to localized actin polarization and the formation of a leading edge that 
is maintained by feed-forward positive feedback loops [14]. At the same time the Rho 
GTPase Rho is confined to the back of the cell where it increases myosin contractility 
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3.3  The lamell ipodias role in cell migration 
In the above-described model, the role of the lamellipodium is to mediate new 
substrate adhesions onto which force can be applied to propel the cell forward. To 
probe this model, different groups have inhibited Arp2/3 mediated branched actin 
polymerization in fibroblasts. Consequently, this leads to a drastic change in cell 
morphology that lacks lamellipodia but instead exhibits multiple filopodia. In one case, 
this leads to a reduction in migratory speed, persistence and defects in chemotaxis 
towards epidermal growth factor (EGF) [18]. In the other case, migratory speed is 
reduced but cells show intact chemotaxis towards platelet-derived growth factor 
(PDGF) while they are insufficient to interpret haptokinetic (surface immobilized) 
gradients [19]. The discrepancy between the two studies regarding chemotaxis could 
be resolved by the finding that Arp2/3 deficient cells secrete increased amount of 
growth factors. This perturbs chemotaxis towards EGF but not PDGF in closed 
migration chambers, suggesting that chemotaxis per se is Arp2/3 independent [20]. 
However, FAs show defects in morphology, dynamics and alignment along the axis 
of movement [19] and both studies report defects in cell spreading. Overall, these 
results are in line with a model of cell migration in which the lamellipodium is required 
to mediate substrate adhesion via FAs for force transduction. 
However, amoeboid migrating cells such as leukocytes, are only weakly adhesive 
and form no FAs [21]. Strikingly, the migration of DCs in 3D environments has been 
shown to be completely independent of integrins [22] and force transduction is 
potentially achieved by unspecific intercalation of new protrusions with the 
environment, providing a footing while the back of the cell contracts [23]. 
 
3.4  Aims and init ial status 
The aim of this study is to clarify the role leading edge protrusions play in leukocyte 
migration with an emphasis on lamellipodia. As discussed before, the traditional view 
of lamellipodia as the site of integrin mediated adhesion assembly and force 
transduction was challenged by the observation that DCs show unimpaired migration 
in 3D environments in the absence of integrins. Hence, the role of lamellipodial 
protrusions in leukocyte migration requires clarification. 
Following a loss of function approach, we decided to interfere with Arp2/3 dependent 
branched actin polymerization, which gives rise to lamellipodial protrusions. However, 
as Arp2/3 depletion leads to embryonic lethally [24], this poses a non-trivial 
challenge. Although drug inhibition is in principle possible, we decided against it to 
avoid ambiguous results that could be caused by incomplete Arp2/3 inhibition and 
aimed for a clear genetic approach. To this end, we decided not to interfere with 
Arp2/3 directly but with the NPF WAVE. More specifically, we employed a mouse 
model in which hem1, a version of the WAVE complex component Nap1 that is 
restricted to the hematopoietic system, is deleted [25]. Consequently, these mice are 
viable but lack WAVE dependent Arp2/3 mediated actin polymerization in leukocytes. 
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By challenging the resulting DCs in a variety of in vitro and in vivo assays we were 
able to draw important conclusions about the role of leading edge protrusions in cell 
migration. 
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3.5 Results  – ‘Diversif ied actin protrusions promote 
environmental exploration but are dispensable for 
locomotion of leukocytes’ – publication in Nature Cell Biology, 
2016. 
 
This work is a joint co-authorship with Alexander Eichner. I performed the 
experiments for Figures 1a & b; 2c; 3; 4e & f; 5e & f and Supplementary 
Figures 2D, E, F, G & H; 3A, B & D; 4B, C, D & E.  
Additionally, I performed the data analysis for Figures 1d; 2g & h and 
Supplementary Figure 3C and put together the manuscript.     
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3.6  Discussion 
In the here presented study, we employed cells with one-, multiple or sheet like 
protrusions to study their respective role in 3D migration and chemotaxis of 
leukocytes. We achieved this by exploiting a potentially unique setting in DCs in 
which WAVE is the sole NPF of Arp2/3 mediated actin branching at the leading edge 
in immature cells. Under wt conditions, DCs form multiple, sheet-like lamellipodia in 
their immature- and mature state. However, when the WAVE complex is depleted, 
this yields cells with only one, needle-like filopodium at the leading edge. Upon 
maturation, WAVE depleted cells round up and form multiple filopodia. Potentially 
this is mediated by WASP, which in contrast to the situation in iDCs, localizes to the 
leading edge of mDCs. Another non-mutually exclusive explanation might be 
maturation-induced up-regulation of Fascin [26], potentially leading to increased 
bundling and filopodia formation. Challenging these cells in in vitro and in vivo 
settings of varying environmental complexity revealed a surprising role of protrusions 
in leukocyte migration. 
Interestingly, the lamellipodium of leukocytes rarely contacts the substrate but 
instead undulates in free space, as if scanning the surrounding environment. 
Additionally, mDCs, which form multiple filopodia, have no cell speed defects in 
linear channels, suggesting that the lamellipodium has no role in locomotion per se. 
This stands in sharp contrast to mesenchymal migration where the lamellipodium is 
an adhesive structure to build new FAs that are used for force transduction. Strikingly, 
WAVE deficient mDCs begin to show cell speed defects in more complex 
environments, coinciding with reduced protrusion dynamics while there is no effect 
on chemotaxis. However, iDCs that only migrate with a single filopodium are unable 
to interpret chemokine gradients while they show strongly increased migratory speed 
and persistence. Taken together, these data suggest that protrusions in DCs 
decrease the speed of cell migration but serve to explore and negotiate complex 
environments with lamellipodia being superior to multiple filopodia. However, the 
data suggest that there is no difference in their ability to sense and integrate 
chemokine gradients. As long as protrusions are diversified chemokine gradients can 
be interpreted with similar high efficiency as opposed to the single filopodium of iDCs 
that fails to mediate chemotaxis. 
Our data were partially confirmed by a shortly predating study, showing that mDCs 
migrate with increased speed, compared to iDCs and that these differences are 
attributable to two different F-actin pools. In iDCs, Arp2/3 primarily polymerizes F-
actin at the front whereas mDCs have a large F-actin pool at the back that is mDia1 
dependent. Inhibition of Arp2/3 in iDCs leads to redistribution of F-actin to the back 
and to an increase in cell speed, comparable to our observations with WAVE 
deficient iDCs [27]. However, according to this study Arp2/3 deficient mDCs have no 
disadvantage in terms of cell speed in collagen gels or entry into lymphatic vessels. 
This stands in stark contrast to our results, especially because an even stronger 
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phenotype would be expected when Arp2/3 itself is inhibited. One explanation might 
be the different cell sources. While we employ a mouse model where WAVE is 
constitutively removed in the hematopoietic lineage, drug treatment or tamoxifen 
inducible removal of Arp2/3 in DC cultures is used in the mentioned study. Potentially, 
this leads to only incomplete inhibition of Arp2/3 mediated actin branching. 
Alternatively, the absence of WAVE in our model might lead to deregulation of 
Arp2/3, resulting in phenotypes that are absent in acute Arp2/3 inhibition. However, 
in our manuscript knockout of WAVE merely serves as a tool to study the different 
roles of protrusion types in DC migration. Therefore, it would be first necessary to 
look at the morphology of Arp2/3 inhibited cells, which has not been reported by 
Vargas et al. [27]. This would determine if comparable changes in protrusion 
morphology even exist in these cells, which stand at the base of our study. 
Another recent study in macrophages finds that Arp2/3 depletion leads to a more 
elongated cell shape with multiple filopodia protruding from the leading edge. These 
cells migrate with slightly increased speed and retain chemotaxis, showing a mixture 
of phenotypes we observed for i- and mDCs respectively. In contrast, Arp2/3 
deficient macrophages are unable to follow haptotactic gradients. These 
observations are explained by incomplete integrin signaling with intact outside-in but 
defective inside-out signaling, which requires Arp2/3 mediated actin branching. 
Consequently, cells are not adhesive enough to interpret surface bound gradients but 
are faster due to reduced adhesion stability [28]. However, a direct comparison 
between our studies is difficult since all migration assays were performed in integrin 
dependent 2D assays, which we did not include in our study.   
Finally, another study employing lattice light sheet microscopy, provides further 
support for the idea of free moving, non-substrate bound leading-edge protrusions in 
leukocytes, serving as space exploratory structures. HL-60 neutrophils form multiple 
lamellar elements that eventually converge to build larger rosette-like structures. 
Importantly, these structures are also formed on the dorsal side of cells migrating in 
2D, where they make no contact with the substrate and ‘probe’ their surrounding 
environment in 3D collagen gels. Consequently, Arp2/3 inhibition in these cells 
results in reduced lamellar protrusion formation, accompanied by a decrease in cell 
turning and reduced speed of migration [29]. 
In summary, although the exact phenotypes might differ depending on the cell type 
and experimental settings, Arp2/3 interference reveals that leading edge protrusions 
in leukocytes are adapted to serve as space exploratory organs in complex 3D 
environments. Consequently, force transduction for locomotion is not generated in 
the lamellipodium, as in mesenchymal migration, but in the cell body. Future 
research should aim to determine how this force is generated and how it is coupled 
to the environment.  
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4  Immortal ized hematopoietic precursor cells – a genetically 
tractable tool for the study of dendrit ic cell  biology 
 
The study of DC biology relies on the ability to create large numbers of cells in vitro. 
Typically, DCs are differentiated from un-fractioned murine bone marrow (BM DCs) 
in the presence of granulocyte-macrophage colony stimulating factor (GM-CSF) on 
non-tissue culture treated petri dishes [30],[31]. Within one week, the result is a non-
adherent, terminally differentiated population of immature DCs (iDCs). Upon 
lipopolysaccharide (LPS) treatment, these cells are activated and become mature 
DCs (mDCs), characterized by high Cd11c and MHCII levels.  
BM DCs have been used in a plethora of studies, shedding light on a variety of 
biological processes such as antigen processing and presentation and cell migration. 
However, due to the short life span and terminal differentiation of BM DCs, genetic 
modifications, such as knockouts or knockins, are very difficult to achieve. Therefore, 
research in DC biology largely depends on the time- and resource-consuming 
generation of new genetically modified mice that serve as a source for the generation 
of BM DCs. To circumvent this problem, several attempts have been made to create 
stable DC cultures or cell lines, all with their own advantages and disadvantages. 
However, due to different experimental requirements (such as the ability to migrate 
or to present antigen), no standard cell line based DC model has emerged. 
Recently, exploitation of the prokaryotic clustered regularly interspaced short 
palindromic repeats (CRISPR)/ CRISPR associated (Cas) system lead to substantial 
progress in the field of genome editing [32]. Potentially, combination of one of the 
above mentioned DC cell lines or long term cultures, combined with CRISPR/Cas9 
mediated genome editing, might have the potential to generate a tractable platform 
for the study of DC biology.        
The following sections will give an overview over existing DC cell lines, the 
CRISPR/Cas9 technology and formulate aims for the here presented study.  
 
4.1  DC long-term cultures and cell l ines 
The generation of DC long-term cultures or cell lines follows three main approaches. 
These are: (1) growth factor dependent long-term culture of spleen derived DCs, (2) 
immortalization of DCs with oncogenes and (3) immortalization of a precursor that 
can be differentiated into DCs. 
In the first approach, DCs are differentiated from spleen suspensions in the presence 
of GM-CSF and fibroblast supernatant. These cells, termed D1 cells, can be grown in 
culture for months. Treatment with bacterial compounds leads to up-regulation of DC 
maturation markers and the ability to present antigen to naïve T cells. Migratory 
properties have been reported but to date have not been compared with GM-CSF 
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BM DCs [33]. Additionally, it has been shown that these cells can be infected with 
retroviruses without affecting their maturation state [34]. 
In the second approach, DCs are immortalized by the expression of oncogenes such 
as simian-virus 40 large T antigen (SV40). In one study, BM from a mouse with 
tetracycline inducible SV40 is used to differentiate GM-CSF DCs. Addition of 
doxycycline to the culture results in a change of morphology to small rounded cells 
that can be further propagated. Upon doxycycline removal these cells revert back to 
their DC-like shape and properties [35]. Another study shows immortalization of 
splenic DCs by SV40 nucleofection, followed by selection of single clones with a DC 
surface marker expression profile [36]. Cells from both studies mature upon LPS 
stimulation and are capable to prime naïve T cells. The probably best characterized 
SV40 based DC cell line is derived from spleen tumors that develop in mice 
expressing SV40 under the DC specific Cd11c promotor. Isolation, dissociation and 
cultivation of tumor cells leads to spontaneous immortalization of cells, termed 
mutuDCs. These cells are closely related to conventional spleen DCs in terms of 
marker expression, their response to bacterial compounds and their proteome. 
Additionally, mutuDCs can be genetically modified by lentiviral infection [37]. 
However, as these cells grow adherently and become even more adherent upon 
maturation (personal observation) it is highly unlikely that they are able to 
recapitulate the highly migratory properties of BM DCs. Lastly, sequential infection 
with retroviruses coding for GM-CSF and myc plus raf respectively, of BM has been 
reported to result in DC immortalization. Again these cells can undergo maturation 
and antigen presentation [38]. 
The third approach relies on the generation of a stable cell line that serves as a 
source for the generation of DCs, thereby circumventing the regular use of mice as 
organ donors. Embryoid bodies, derived from a certain embryonic stem cell (ES) line, 
cultivated in the presence of GM-CSF and interleukin 3 (IL-3) have been shown to 
continuously give rise to DCs that respond to maturation stimuli and that are able to 
prime naïve T cells [39]. Additionally, transgenes that have been transfected into ES 
cells are retained in the resulting DCs without affecting their ability to mature [40]. 
Another approach is the conditional immortalization of hematopoietic precursors. To 
this end, an estrogen-regulated form of the homeobox transcription factor b8 (Hoxb8), 
shown to increase self-renewal and to arrest cell differentiation, is retrovirally 
delivered to hematopoietic precursors of the BM in the presence of GM-CSF. Upon 
estrogen withdrawal and differentiation these cells to some degree resemble DCs but 
crucially lack the ability to prime naïve T cells [41]. However, when GM-CSF is 
replaced with fms like tyrosine kinase 3 (Flt3) ligand during immortalization and 
maintenance the resultant cells, termed Hoxb8-FL cells, have the potential to 
differentiate to DCs that very closely resemble their BM GM-CSF derived 
counterparts. Importantly, Hoxb8-FL cells, also have the capability to differentiate 
into other cell types of the myeloid and lymphoid lineage such as macrophages and 
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B cells, depending on the culture conditions. Furthermore, they are temporarily 
capable to reconstitute lethally irradiated mice [42].  
  
4.2   The CRISPR/Cas sytem for genome engineering  
The CRISPR/Cas system is a prokaryotic adaptive immune system against plasmids 
and viruses. It is based on the incorporation of short sequences, called spacers, of 
the intruders DNA into arrays of the prokaryotic genome, interrupted by short 
palindromic repeats [43]. Spacers are transcribed into non-coding CRISPR RNAs 
(crRNAs) that hybridize with a second, non-variable trans-activating CRISPR RNA 
(tracRNA). Together, they form a complex with proteins of the Cas family and direct 
them against regions of foreign DNA that are complementary to the crRNA and that 
are adjacent to a short protospacer adjacent motif (PAM). There, certain Cas 
proteins exert their nuclease function and cleave the DNA by introducing double-
strand breaks (DSBs) in a process termed DNA interference. In prokaryotes, three 
different CRISPR/Cas subgroups, termed type I, II and III, can be distinguished, 
based on the presence of signature Cas proteins and phylogenetic information. 
Whereas type I and III systems require formation of protein complexes, DNA 
interference in type II systems is solely mediated by Cas9, which recognizes PAMs 
of the sequence NGG [43]. Consequently, type II systems, mainly derived from 
Streptococcus pyogenes have been adapted for biotechnological applications [32]. In 
its most widely used form only two components, a guide RNA (gRNA) that is a fusion 
of the variable crRNA and the invariable tracRNA and Cas9 that recognizes PAMs of 
the sequence NGG, have to be expressed for the system to be functional in 
eukaryotic cells. Cas9 can be directed to any region of choice specified by the 
gRNAs sequence, its only prerequisite being an adjacent PAM in the target region, 
where it introduces a DSB three nucleotides in 5’ direction from the PAM. DSBs are 
frequently resolved by the non-homologous end joining (NHEJ)- or to a lesser extent 
by the homology directed repair (HDR) pathway [44]. NHEJ introduces 
insertion/deletion mutations of variable length that may lead to gene knockouts e.g. 
by altering the reading frame, leading to a pre-mature stop codon. HDR on the other 
hand might induce point mutations or can be used to knock-in reporters such as GFP 
to tag endogenous genes, provided that DNA containing the desired information can 
be delivered to the cell. As NHEJ is much more frequent, knock-outs are in general 
easier to achieve but several methods have been developed to shift the NHEJ-HDR 
balance to increase the chance of knock-ins e.g. by inhibition of the NHEJ pathway 
or by synchronization of the cell cycle [44]. Potential off-target effects are considered 
to be a major caveat of the CRISPR/Cas9 technology. While their frequency and 
occurrence remains difficult to predict, several studies aim to avoid- or at least 
reduce off target effects by employing a wide range of methods. This ranges from 
titrating gRNA-Cas9 ratios to the development of algorithms that aim to identify 
gRNAs with a low off-target effect probability, based on observed off-target effects 
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4.4  Results  – ‘Fast and eff icient genetic engineering of 
hematopoietic precursor cells for the study of dendrit ic cell 
migration’ – manuscript accepted by the ‘European Journal 
of Immunology’ 
 
 
Dendritic cells (DCs) are sentinels of the adaptive immune system that reside in 
peripheral organs of mammals. Upon pathogen encounter, they undergo 
maturation and up- regulate the chemokine receptor CCR7 that guides them 
along gradients of its chemokine ligands CCL19 and 21 to the next draining 
lymph node. There, DCs present peripherally acquired antigen to naïve T cells, 
thereby triggering adaptive immunity [1],[48]. Their high migratory speed and 
chemotactic prowess, the relative ease in generating large cell numbers in culture 
and their suitability for in vitro and in vivo assays has made DCs one of the most 
powerful tools to study cell migration [49]. Typically, DCs are differentiated from un-
fractionated bone marrow (BM) in the presence of differentiation-promoting factors 
such as granulocyte-macrophage colony stimulating factor (GM-CSF) [30]. Once 
mature, these terminally differentiated BM DCs have a very limited life span, 
impeding stable genetic modifications. Consequently, research is hampered by 
time- and resource consuming generation of genetic mouse models. 
To overcome these limitations, several methods have been developed to 
obtain long-term DC cultures. This has been either achieved by differentiation of 
DCs from embryoid bodies [40], oncoprotein driven immortalization of DCs [6]–[9], 
or growth factor dependent, long-term culture of splenic DCs [10]. Although 
migratory properties are considered to be one of the hallmarks of DC biology, we 
never observed efficient migration in any of these cultures (personal observation). 
Recently, Flt3L expanded hematopoietic precursors, transiently immortalized via a 
retrovirally delivered, estrogen inducible form of the transcription factor Hoxb8 
have been introduced (Hoxb8-FL cells) [11]. Upon estrogen withdrawal and GM-
CSF culture the resulting DCs closely resemble BM DCs in their transcriptome, 
cytokine secretion and priming of naïve T cells (Fig. 1A) [11]. 
For direct comparison we differentiated DCs from BM and Hoxb8-FL cells side-
by-side in the presence of GM-CSF [4]. Cells from both origins expressed high 
levels of the DC markers Cd11c and major histocompatibility complex II (MHCII, 
Fig. 1B). Importantly, Hoxb8-FL DCs expressed CCR7 [2], albeit at slightly lower 
levels as compared to BM DCs (Fig. 1B). When incorporated into 3D collagen 
gels [12] and recorded by time-lapse video microscopy both fractions showed 
vivid protrusion dynamics and migrated persistently for several micrometers 
before rounding up and changing direction (Supplementary movie 1). Migratory 
speeds of Hoxb8-FL DCs were slightly reduced as compared to BM DCs (Fig. 
1C). When exposed to gradients of CCL19, HoxB8-FL DCs showed a strong 
chemotactic response with a slightly reduced chemotactic index compared to 
BM DCs, potentially attributable to lower levels of CCR7 (Fig. 1D, E and 
Supplementary movie 1). Finally, we co-injected differently labeled DCs of both 
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read-out we coated glass-slides with CCL21, which triggers integrin beta 2 
dependent adhesion, polarization and migration trough CCR7 [15]. DCs derived 
from anti-Itgb2 Hoxb8-FL cells failed to adhere to CCL21 coated glass slides (Fig. 
2B, C and Supplementary movie 2). 
As a second endogenous candidate we chose chemokine receptor CCR7. We 
designed three, ccr7 specific- (anti-ccr7) and one scrambled control gRNA. As in 
the above-described experiments we observed a relatively low number of infected 
Hoxb8-FL cells surviving puromycin selection, we compared blasticidin as an 
antibiotic marker and found that survival rates are increased (data not shown). 
DCs from all infections showed normal Cd11c and MHCII levels (Fig. 2D). 
Importantly, cells from all anti-ccr7 infections showed a drop in their CCR7 levels. 
In case of anti-ccr7-2 and 3, it was almost reduced to isotype control levels, 
suggesting near complete knockouts (Fig. 2D). In 3D collagen gels DCs derived 
from anti-ccr7 infections showed a significantly lower mean speed and entirely 
failed to migrate towards a CCL19 source (Fig. 2E, F, G and Supplementary movie 
3) as would be expected for CCR7 knockouts that are unresponsive to CCL19. 
Taken together, we demonstrate that knockouts can be easily and efficiently 
generated in Hoxb8-FL cells. These cells can be further differentiated to DCs that 
behave very similar to their BM derived counterparts. Recently, it has been 
observed that BM GM-CSF cultures, under certain culture conditions, comprise 
a heterogeneous population of macrophages and DCs, both expressing Cd11c 
and different levels of MHCII [16]. In our hands GM-CSF cultures from both BM 
and Hoxb8 origin, express homogenous levels of MHCII and CCR7 (which is not 
expressed by macrophages [16]) and thus show a homogenous and complete 
chemotactic response pattern. Genome editing efficiency was high in our hands, 
although for some gRNAs a certain small percentage of cells retained detectable 
protein. Residual expression can be easily circumvented by, as shown here, 
designing multiple gRNAs or by single cell cloning that will also facilitate thorough 
characterization of the genetic changes. The high efficiency of CRISPR/Cas9 
mediated gene knockouts might also allow for infections of Hoxb8-FL cells with 
pooled gRNA libraries for specific subsets of genes, followed by functional 
screens. To gain complete control over the Hoxb8-FL genome we are currently 
establishing knock-in strategies to tag, replace and mutate endogenous genes. This 
is ideally done with non-integrating vectors, which is challenging due to the relative 
resistance of Hoxb8-FL cells to transient transfection. Notably, the potential of 
Hoxb8-FL cells to differentiate into other cell types of the myeloid and lymphoid 
lineage (e.g. Flt3 DCs, macrophages, B cells and T cells [11]) allows broader 
utilization of the targeted precursor cells. 
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4.5  Discussion      
In this study we thoroughly characterized the migratory properties of Hoxb8-FL DCs 
by comparing them to BM DCs in in vitro and in vivo assays. Hoxb8-FL DCs show 
strong chemotaxis along CCL19 chemokine gradients with only a slightly reduced 
chemotactic index (a measure for the efficiency of migration in a chemokine gradient) 
compared to BM DCs. This is potentially attributable to slightly lower expression 
levels of chemokine receptor CCR7. In general, Hoxb8-FL cells migrate with slightly 
reduced speed in in vitro assays, which might indicate that components of the 
actomyosin polymerization and contraction machinery are differentially expressed in 
comparison to BM DCs. However, as we did not observe any differences in in vivo 
footpad injections the difference might also be rooted in the artificial environment of 
collagen gels, preventing Hoxb8-FL DCs from realizing their full migratory potential in 
vitro. In summary, Hoxb8-FL DCs show robust migratory behavior and chemotaxis 
and since the observed differences are small and not decisive, we think that Hoxb8-
FL cells have the potential to largely replace BM derived DCs as a model system.  
Furthermore, we show that knockout efficiency in Hoxb8-FL cells via lentivirally 
delivered CRISPR/Cas9 is extremely high. It is noteworthy that we never observed 
any indication for single allele knockouts. Instead, of all genes tested both alleles 
seem to be affected, leading to knockout efficiencies of almost 100%. While this high 
efficiency is in principle desirable it might arise from the fact that in our system the 
CRISPR/Cas9 system is permanently integrated into the cells genome. 
Consequently, it is permanently active and will eventually introduce double-strand 
breaks at all desired- but potentially also other loci, leading to off-target effects. In 
our system we designed multiple guide RNAs to control for this effect. We found that 
all gRNAs for the same gene result in the same phenotype and could not find any 
obvious evidence for off-target effects that would result in differentiation-, maturation-, 
or migration defects in DCs. However, as we only used cells of early passages, off-
target effects might accumulate and occur over time in later passages. Therefore, 
future improvements of our system should aim to replace Cas9 with engineered 
variants with a higher specificity [47].  Alternatively, the CRISPR/Cas9 system might 
be only expressed transiently from plasmids, which turns out to be challenging as 
conventional DNA delivery methods show only poor efficiency in Hoxb8-FL cells 
(personal observation). Additionally, transient expression of the CRISPR/Cas9 
system would mean that, in contrast to lentiviral infection, no selection marker is 
available to enrich for potential knockout cells, making single-cell cloning a necessity. 
However, the delivery of DNA that serves as template for HDR is a prerequisite for 
the generation of knock-ins to precisely mutate or tag endogenous genes in Hoxb8-
FL cells. In the latter case, the achieved DNA delivery efficiencies of ~1% (personal 
observation) might be even sufficient as knock-in cells, tagged with fluorescent 
reporters could be easily isolated and propagated. Nevertheless, current efforts aim 
to improve DNA delivery to gain full control over the genome of Hoxb8-FL cells.  
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In summary, we show that (1) gene knockouts can be efficiently introduced in Hoxb8-
FL cells via lentiviral delivery of the CRISPR/Cas9 system and (2) that these cells 
retain their ability to differentiate into migratory DCs, very similar to BM derived DCs. 
The here-described system is a powerful tool for the study of DC biology but also for 
the study of other immune cells as Hoxb8-FL cells have the potential to differentiate 
into other cell types of the myeloid and lymphoid lineage. 
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4.6  Material and methods  
 
Animals 
Mice were bred and maintained at the local animal facility in accordance with the IST 
Austria ethics commission. All experiments were conducted in accordance with the 
Austrian law for animal experiments. Permission was granted by the Austrian federal 
ministry of science, research and economy (identification code: BMWF-66.018/0005-
II/3b/2012).  
 
Cell culture 
R10 medium, consisting of RPMI 1640, supplemented with 10% Fetal Calf Serum 
(FCS), 2mM L-Glutamin, 100U/ml Penicillin, 100µg/ml Streptomycin and 50µM 2-
Mercaptoethanol (all Thermofisher), was used as basic medium for all cells. Hoxb8-
FL precursor cells were grown in ‘Hoxb8 media’, consisting of R10, 5% supernatant 
of an Flt3L producing cell line and 1µM estrogen (Sigma, E-2758). All cells were 
grown and maintained at 37°C/ 5% CO2. 
 
Retroviral immortalization of hematopoietic precursors 
Immortalization was carried out as described previously [12]. In brief, estrogen 
controlled Hoxb8 encoding, retrovirus was produced in 293T cells according to 
standard procedures.  Bone marrow (BM) was isolated from femur and tibia of a 
female, 6-week-old C57BL/6J wild type mouse. Cells were pipetted on a Ficoll 
gradient to remove red blood cells and mature granulocytes. Cells from the 
supernatant were stimulated to enter the cell cycle by incubating them for 2-3 days in 
‘stem cell media’, consisting of 10ng/ml IL-3 (Peprotech, 213-13), 20ng/ml IL-6 
(Thermofisher, 14-8061-62) and 1% supernatant of a stem cell factor (scf) producing 
B16 melanoma cell line. 3x105 cells were then seeded in 1ml of Hoxb8 media in a 
12-well plate. 500µl of retrovirus, together with 1.5µl Lipofectamin (Thermofisher, 
18324012) were added and the plate was spun with 1000g for 1h at room 
temperature. Cells were then maintained in Hoxb8 medium for the next three to fours 
weeks with regular changes of the medium. After this period of time, the only cells 
left will be the immortalized hematopoietic precursors that exhibit a round, blast-like 
appearance and that can be maintained according to standard cell culture 
procedures. 
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Generation of mG Hoxb8-FL cells 
Hematopoietic precursors of a 6 week old, female C57BL/6J Gt(ROSA)26Sortm4(ACTB-
tdTomato,-EGFP)LuoIJ (mTmG, Jackson) mouse were immortalized as described above. 
Cells were infected with a lentivirus coding for Cre recombinase as described below. 
The Cre expression plasmid was obtained by cloning iCre (a gift from Rolf Zeller, 
addgene #26745) into the pLenti6.3 vector (Thermofisher). Cells that changed their 
fluorescence from red to green were sorted on a FACS Aria III (BD) and used for 
further experiments. 
 
gRNA design and cloning into LentiCRISPR vector  
Anti-GFP gRNAs were described previously [14]. All other gRNAs were designed 
using the ‘Benchling’ (https://benchling.com) CRISPR gRNA design tool. gRNAs that 
bind to early exons and that had good on-/off target predictions were chosen (for 
sequences see Supplementary Table 1) Oligonucleotides were ordered in HPLC 
grade and cloned into the LentiCRISPRv1 (a gift from Feng Zhang, addgene #49535) 
or LentiCRISPRv2 blast (a gift from Brett Stringer, addgene #98293) plasmids as 
described previously [14]. Plasmids were partially sequenced (U6 primer: 5’ 
GAGGGCCTATTTCCCATGATTCC 3’) to confirm correct ligation of the gRNA 
sequence.  
 
Lentivirus production 
LX-293T cells (clontech) were grown in DMEM, high glucose, GlutaMAX, supplied 
with 10% FCS, 100U/ml penicillin and 100µg/ml streptomycin (all Thermofisher). One 
day before virus production, cells were seeded into 100mm cell culture dishes (VWR, 
734-2321) to obtain a confluence of ~80% on the next day. For virus production, 
DMEM was taken off and cells were briefly washed with PBS before 5ml serum-free 
Opti-MEM (Thermofisher) medium was added. To 1ml Opti-MEM, 30µl Lipofectamin 
2000 (Thermofisher, 11668027), 5.4µg LentiCRISPR plasmid, 4µg pCMV dR8.2 dvpr 
packaging plasmid and 2.7µg pCMV-VSV-G envelope plasmid (kind gifts from Bob 
Weinberg, addgene #8455 and #8454) were added. The mixture was incubated for 
20min. at room temperature before it was added drop-wise to the cells. After 4-5h, 
the medium was changed back to fully supplemented DMEM. On the next day, 
medium was replaced with fresh DMEM. 48h later, virus in the supernatant was 
collected, filtered through a 0.45µm syringe filter and then either snap frozen with 
liquid nitrogen and stored at -80°C or directly used for the infection of Hoxb8-FL cells. 
 
Infection and antibiotic selection of Hoxb8-FL cells 
Per infection, 3x105 Hoxb8-FL cells, in 1ml of Hoxb8 media, were seeded in a 12-
well plate. 500µl virus and 6µg/ml polybren (Sigma, 107689) were added and the 
plate was sealed with parafilm. Cells were spun with 1500g for 1h at room 
temperature. After spinning, 1ml of medium was taken off and 2ml of fresh Hoxb8 
media were added. On the next day, 2ml of media were taken off and again replaced 
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with fresh media. Cells were then expanded for one week and transferred to bigger 
volumes if necessary. For antibiotic selection, 1x106 infected Hoxb8-FL cells were 
transferred to a 6-well plate in 3ml of Hoxb8 media, containing either 4µg/ml 
puromycin or 10µg/ml blasticidin (both Thermofisher, A1113803 or A1113903). Cells 
were kept under selection for one week at which point, dividing cells should be 
clearly visible. Surviving cells were kept in fresh, antibiotic-free Hoxb8 media for 
expansion and/or differentiation to DCs.  
          
Differentiation of DCs from BM or Hoxb8-FL cells 
Cells were grown in 94mm petri dishes (Greiner, 632180) to allow loosely adherent 
cells to stay in suspension. Per dish, 2x106 BM cells from 6-12 week old male or 
female C57BL/6J wild type mice or 2.5x105 Hoxb8-FL cells were seeded in 9ml R10, 
supplied with 1ml in house generated granulocyte-macrophage colony stimulating 
factor (GM-CSF) hybridoma supernatant. Before, Hoxb8-FL cells were washed twice 
with PBS to remove estrogen. On day 3 of the cultures, 8 ml R10, supplied with 2ml 
GM-CSF, were added. Half of the medium was replaced on day 6. On day 8, non-
adherent cells were collected from the supernatant of two dishes and stimulated over 
night in 150mm cell culture dishes (VWR, 734-2322) in 18ml R10, supplied with 2ml 
GM-CSF and 200ng/ml lipopolysaccharide (LPS) from E.coli 0127:B8 (Sigma, 
L4516). Cells from the supernatant were used for experiments. 
 
FACS stainings 
Following antibodies (all ebioscience) were used in the indicated dilutions: anti-
mouse Cd11c-APC (1/300; N418), anti-mouse MHCII-eFluor450 (1/800; 
M5/114.15.2), anti-mouse CCR7-PE (1/300, 4B12). Stainings were carried out in 
FACS Buffer (1x PBS, 2mM EDTA, 1% BSA). Prior to staining, Fc receptors were 
blocked (using anti-mouse CD16/CD32, 1/100, 93) to prevent unspecific antibody 
binding. All incubation steps were carried out for 15min. at 4°C, except CCR7-PE, 
which was incubated for 30min. at 37°C. All samples were kept on ice until data 
acquisition on a FACS Canto II (BD). 
 
Collagen migration assays 
Chemotaxis assays were performed as described previously [13]. PureCol bovine 
collagen, (INAMED) in 1x minimum essential medium eagle (MEM, Sigma) and 0.4% 
sodium bicarbonate (Sigma) was mixed with 2x105 DCs in R10 at a 2:1 ratio, 
resulting in gels with a collagen concentration of 1.6 mg/ml. Collagen-cell mixtures 
were cast in custom-made migration chambers. After 60min. of polymerization of 
collagen fibres at 37°C/5% CO2, gels were either overlaid with CCL19 in R10 
(PeproTech, 250-27B, 0.625μg/ml) or R10 alone. Chambers were sealed with 
paraffin and time-lapse video microscopy was started immediately with a 10x 
objective and a frame interval of 2min. at a setup that allows parallel imaging of 6 
collagen gels at 37°C/5% CO2. Tracking was performed using the Fiji plugin 
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Trackmate [50]. To this end, the mean z-projection of the whole image sequence 
was subtracted from each frame to remove background. The gray values of the 
sequence were then inverted and Trackmate was started with the following settings: 
blob diameter: 20µm, initial thresholding: auto, linking max. distance: 15µm, gap-
closing max. frame gap: 1, filter on tracks: duration, auto. A custom-made matlab 
script (available under https://datarep.app.ist.ac.at/75/) was used to derive 
chemotactic indices from single cell tracks. The Fiji script to determine average 
displacement of cells towards the chemokine source has been described previously 
[51]. 
 
CCL21 adhesion assay 
Per condition, a small drop (~3µl) of 10µg/ml CCL21 (PeproTech, 250-13) was 
pipetted on a clean petri dish and left for air-drying. The region was marked with a 
pen and dishes were washed two times with PBS. 1x105 DCs in R10 were introduced 
and imaging was started immediately. Single images from time-point 15min. were 
used to determine the area of single cells in pixels2. 
 
Mouse footpad injections 
BM and Hoxb8 DCs were labeled with 10 µM TAMRA or 3 µM Oregon Green 488 
(Thermofisher, C1171 and C34555) respectively, and vice versa. A total number of 
0.5x106 cells in 25µl PBS was injected subcutaneously into hind footpads of 6-8 
week old, male or female wt C57BL/6J mice. After 24h mice were sacrificed and the 
popliteal lymph nodes were collected. Lymph nodes were torn open with needles and 
incubated in digestion buffer (0.5mg/ml Collagenase D, 40µg/ml DNAseI and 3mM 
CaCl2 in R10) for 30min. at 37°C. The reaction was stopped by the addition of EDTA 
to a concentration of 10mM. Fc receptors were blocked and cells were stained for 
Cd11c and MHCII as described before. Flowcytometry was carried out on a FACS 
Aria III machine. The ratio of cells was calculated as the absolute number of Hoxb8 
DCs divided by the absolute number of BM DCs. Oppositely labeled BM DCs were 
used as a control to exclude effects of the dyes on migration.      
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5  The dendrit ic cell  branched F-actin cytoskeleton in 
immunological synapse formation 
 
The Immunological synapse (IS) is a specialized cell-cell contact that serves as a 
temporal communication platform between T cells and antigen presenting cells 
(APCs), but also other types of immune cells [52]. Kupfer and colleagues first coined 
the term in the 90s of the 20th century, describing highly structured clustering of 
certain molecules and components of the cytoskeleton in contacts between T- and B 
cells [53]. Research in the following years provided us with a detailed picture of the 
processes on the T cell side of the IS. This was made possible by the observation 
that APCs seemingly play no active role in the formation of the synapse [54] and thus 
can be replaced by artificial lipid bilayers (ALBs), containing interaction partners for 
molecules on the T cell surface. This enabled imaging of IS formation in T cells in 
one plane with very high time resolution, using total internal reflection microscopy 
(TIRF) [55]. Importantly, it was shown that a dynamic F-actin cytoskeleton in T cells 
is indispensible for T cell activation. However, it has become clear that in the all-
important IS between T cells and DCs, also an intact DC F-actin cytoskeleton is 
decisive for T cell priming [56]. Consequently, a growing number of studies, including 
this one, is trying to decipher the role of DC F-actin and its regulatory factors at the 
IS.  
The following chapters will give an overview of IS formation in T cells and summarize 
current knowledge of T cell – DC synapses in vitro and in vivo. 
 
5.1  The T cell immunological synapse   
The prototypical IS that forms when T cells interact with peptide MHC (pMHC) 
bearing artificial lipid bilayers or B cells, exhibits a highly organized symmetric 
structure. It is organized into three concentric rings, each containing a characteristic 
set of molecules or cytoskeletal components. These are: the central supramolecular 
activation cluster (cSMAC), the peripheral SMAC (pSMAC) and the distal SMAC 
(dSMAC). The cSMAC harbors the transmembrane receptors T cell receptor (TCR) 
complex and depending on the T cell subtype cluster of differentiation (CD) 4 or 8, 
lymphocyte-specific protein tyrosine kinase (Lck), Zeta-chain-associated protein 
kinase 70 (ZAP-70) and Phospholipase C, γ1 (PLCγ1). While the cSMAC is largely 
devoid of F-actin, the pSMAC contains high amounts of F-actin, the integrin 
Lymphocyte function-associated antigen 1 (LFA-1) and talin, which links integrins to 
the actin cytoskeleton. The outermost ring, the dSMAC contains CD43, the protein 
tyrosine phosphatase CD45 and F-actin.  
The here-described configuration is readily visible in confocal microscopy of fixed 
samples. However, in reality the IS is a highly active structure that intimately links the 
dynamics of its components with TCR signaling. Therefore, TCR signaling will be 
discussed first, followed by a description of the dynamics at the IS. 
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 T cell receptor signaling 5.1.1
The majority of TCRs in an organism is composed of variable α and β chains, 
created by somatic mutation during T cell development. Together with the 
heterodimers CD3ε/δ, CD3γ/ε and the homodimer CD3ζ/ζ they form the octameric 
TCR complex, which has no catalytic activity by itself. Instead the CD3 subunits 
exhibit short cytoplasmic tails that contain immunoreceptor tyrosine-based activation 
motifs (ITAMs). Additionally, the TCR complex is directly connected to the F-actin 
cytoskeleton via CD3ζ [57]. Upon TCR-pMHC interaction, CD3 ITAMs are 
phosphorylated by lymphocyte-specific protein tyrosine kinase (Lck), which triggers a 
chain of downstream phosphorylation events [58]. However, the initial events leading 
to TCR triggering are currently not fully understood and several non-mutually 
exclusive models exist [59]. 
The kinetic segregation model is based on the interaction of Lck by CD45. In the 
ground state, CD45 and Lck frequently co-localize, which inhibits activity of the latter 
by phosphorylation. Upon TCR-pMHC interaction, through the short ectodomains of 
both molecules (7nm), close membrane appositions are created. This process is 
potentially supported by F-actin polymerization that creates protrusions to form 
regions of close membrane contact. This excludes molecules with very long 
ectodomains, such as CD45, from the contact site. Consequently, Lck is no longer 
inhibited and is free to phosphorylate ITAMs on CD3. 
In the kinetic proofreading model a certain threshold of TCR-pMHC bond lifetime has 
to be reached to trigger TCR signaling. This threshold can be either achieved by a 
single, long TCR-pMHC interaction or by several short interactions within a certain 
time span. Again, force of the F-actin cytoskeleton might play a role in this model as 
it has been observed that bond lifetime increases when force is applied to the TCR. 
The serial triggering / serial encounter model takes into account the possibility that a 
high number of specific TCRs on a single T cell are potentially opposed by a very low 
number of fitting pMHC molecules. Consequently, a few pMHC molecules have to 
make consecutive, short-lived interactions with a high number of TCRs. Here, the F-
actin cytoskeleton might cluster many TCRs together so they can interact with a 
single pMHC molecule. 
Finally, the conformational change model proposes that upon antigen recognition the 
conformation of the TCR changes and ITAMs get exposed for phosphorylation. 
Again, F-actin might provide the force that is necessary to change the conformation 
of the TCR and initiate signaling. 
  
 
 
49 
As a consequence of ITAM phosphorylation Zap70 is recruited, which in turn 
activates the adaptor proteins linker for activation of T cells (LAT) and SH2 domain–
containing leukocyte phospho-protein of 76 kDa (SLP-76), forming the backbone of 
the proximal signaling complex (PSC). Formation of the PSC leads to activation of 
PLCγ1 that produces the second-messengers inositol trisphosphate (IP3) and 
diglyceride (DAG). IP3 leads to influx of Ca
2+ from the endoplasmic reticulum (ER) 
and the extracellular space. This triggers a variety of transcription factors (TFs) e.g. 
nuclear factor of activated T cells (NFAT) that translocates from the cytoplasm to the 
nucleus and initiates a variety of transcriptional programs. DAG activates Ras and 
PKCθ that in turn lead to activation of several TFs downstream of the mitogen-
activated protein kinase (MAPK)- and the nuclear factor kappa-light-chain-enhancer 
of activated B cells (NF-κB) signaling pathway respectively. The convergence of 
these signaling pathways and transcriptional programs eventually leads to full T cell 
activation, cytokine production and T cell proliferation [58]. Assembly of the PSC also 
leads to recruitment of the adaptor protein Non-catalytic region of tyrosine kinase 
adaptor protein 1 (Nck1) and the GEF Vav guanine nucleotide exchange factor 1 
(Vav1). Nck1 recruits WASP while the latter activates Cdc42 and Rac1, leading to 
WASP/WAVE/Arp2/3 dependent F-actin polymerization at the IS [59]. 
Signaling from several other molecules, such as LFA-1 and the co-stimulatory 
molecule CD28, also feeds into T cell activation pathways and F-actin polymerization.  
LFA-1 is initially activated by signaling downstream of the TCR, termed inside-out 
signaling. Activated SLP-76 recruits the adaptor molecule adhesion- and 
degranulation-promoting adaptor protein (ADAP) that in turn, via several other 
molecules, leads to activation and membrane recruitment of the small GTPase Rap1. 
Rap1 leads to binding of talin to LFA-1, which brings it from its bended- into its 
extended state and associates it with the F-actin cytoskeleton [58]. In the extended 
form, LFA-1 can bind to its ligand intercellular adhesion molecule 1 (ICAM1), which 
brings it into its signaling competent, high affinity state. This triggers a signaling 
pathway, termed outside-in signaling, that feeds into the MAPK signaling pathway, 
thereby contributing to T cell activation. Additionally, LFA-1 also contributes to F-
actin polymerization via the SLP-76/ADAP/Vav1 axis [59].  
The co-stimulatory molecule CD28, upon binding its ligands CD80 or CD86 on the 
surface of APCs, initiates a signaling cascade that feeds into the NF-κB and NFAT 
TF mediated signaling pathways [58]. Additionally, it contributes to SLP-76/Vav1 
mediated actin polymerization and is also more directly connected to the F-actin 
cytoskeleton via Filamin A [59]. 
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5.2  The dendrit ic cell – T cell immunological synapse   
The T cell side of the IS, has been studied in great detail, mainly in the context of 
ALBs. However, little is known about the molecular dynamics at the DC-T cell IS and 
it is unclear if above described processes also govern DC-T cell synapses. In 
contrast, with the advent of multi-photon intravital microscopy (MP-IVM), DC-T cell 
contacts have been relatively well described in vivo although no unified picture has 
emerged [72]. The following sections will first give an overview over DC-T cell 
interactions in vivo and then summarize our current knowledge of the structure, 
molecular dynamics and the role of the DC F-actin cytoskeleton at the DC-T cell 
synapse. 
 DC – T cell interactions in vivo 5.2.1
The first insights into the dynamics of DC-T cell contacts came from an imaging 
study in collagen gels. There, DCs and T cells make only short contacts of a few 
minutes. Nevertheless, these transient contacts lead to full T cell activation and 
proliferation, challenging the view that a stable IS has to be formed to support T cell 
priming [73]. Following MP-IVM studies in live animals or explanted lymph nodes 
gave no clear picture of DC-T cell contacts in vivo [74]. Instead, two predominant 
scenarios emerged. In the first one, DC-T cell contacts occur in three different 
phases. In the first phase, lasting a few hours, DC-T cell contacts are transient and 
last a few minutes and are accompanied by up-regulation of T cell activation markers. 
In the second phase, contacts become stable over several hours and T cells start to 
produce cytokines. In the last phase, contacts become transient again and T cells 
start to proliferate [75]. 
In the second scenario, the first DC-T cell encounter immediately leads to stable 
contact formation that lasts several hours. Contact disruption by antibodies leads to 
insufficient T cell priming [76]. Given the diversity of observations, it seems plausible 
that the nature of DC-T cell contacts in vivo depends on the precise experimental 
conditions such as the T cell subset (CD4 or CD8), antigen species and affinity or 
DC maturation state [72]. However, the existence of short- but productive contacts 
between DC and T cells in many experimental systems points to a highly dynamic 
nature of the DC-T cell IS. 
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 Ultrastructure, molecular composit ion and the role of DC F-5.2.2
actin at the immunological synapse 
The membranes at the IS between T cells and ALBs are expected to be flat with very 
tight appositions at the center of the synapse due to short ectodomains of molecules 
occurring in the cSMAC. This configuration has been termed monofocal IS. In 
contrast, the IS between DCs and T cells has been shown to be multifocal, with 
multiple regions of tight membrane apposition [77]. Consequently, a Kupfer-type 
synapse is not formed and molecules that have been shown to be confined to c- or 
pSMAC, such as the TCR and LFA-1, might co-localize at the DC-T cell IS [77]. This 
configuration is potentially mediated by the formation of numerous microvilli on both 
DCs and T cells [78], which is supported by the recent finding that the TCR localizes 
to dynamic microvilli on T cells [71],[79]. 
As mentioned earlier, the DC F-actin cytoskeleton is decisive for T cell priming [56]. 
DCs actively polarize F-actin and fascin towards the IS in an antigen dependent 
manner and pharmacological interference with F-actin polymerization leads to 
impairment in T cell priming [80]. DCs initiate T cell contacts by their dynamic 
protrusions, upon which more protrusions are formed in the direction of the T cell, 
which is eventually enwrapped by the DC. These protrusions are created by 
polymerization of branched F-actin and removal of these structures by Rac1/2 knock-
out leads to severe defects in DC-T cell contact formation and T cell priming [81]. 
After contact formation, the DCs microtubule organizing center (MTOC), together 
with numerous IL-12 containing, vesicle-associated membrane protein 7 (VAMP7) 
decorated, vesicles trans-locates to the IS in a Cdc42 dependent process [82]. IL-12 
is then specifically secreted at the synapse where it is important for the acquisition of 
T cell effector functions [83].  
Farther downstream in the actin polymerization pathway, DC WASP and formin 
mDia1 have been implicated in IS formation. MDia1 deficient DCs fail to establish 
long-lasting contacts with T cells, accompanied by T cell proliferation defects in vivo 
and in vitro. However, it is unknown if absence of DC mDia1 leads to changes in the 
molecular organization of the IS [84].  
DC WASP has been shown to be critical for the formation of stable DC-T cell 
contacts and in its absence T cell signaling and proliferation are compromised 
[85],[86]. This defect has been characterized in more detail, showing that WASP 
deficient DCs form smaller contacts with T cells accompanied by reduced ICAM1 
polarization to the IS and that their F-actin at the IS is less stable. Furthermore, in an 
ALB system containing antibodies against MHCII and ICAM1 it has been shown that 
DCs form a central cluster of MHCII surrounded by a ring of ICAM1 that mirrors the 
prototypical T cell synapse. WASP deficient DCs fail to induce this type of 
organization, coinciding with a deficiency to form actin rich podosomes at the IS, 
which might explain their defect in forming stable contacts with T cells [87]. 
One component underlying some of the above-described defects seems to be the 
ability of DCs to immobilize and cluster ICAM1 with their F-actin cytoskeleton via talin 
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and α-actinin. Immobilized ICAM1 is ideally suited for stable binding- and conversion 
of T cell LFA-1 into its high affinity state where it supports signaling and T cell 
activation. Consequently, impairment of DC F-actin leads to reduced ICAM1 
immobilization, clustering and T cell priming [88].         
Interestingly, it recently has been shown that excessive stability of DC-T cell contacts 
also leads to defects in T cell priming. Regulatory T cells have a reduced ability to 
release ICAM1 bound LFA-1 from their talin mediated F-actin association. Thereby, a 
strongly adhesive contact is formed that sequesters fascin and F-actin from other 
regions of the DC and thus prevents it from interacting with other naïve T cells [89]. 
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5.3  Aims and init ial status 
As laid out before it has become clear that a dynamic DC F-actin cytoskeleton is 
decisive for T cell priming. However, it remains to be elucidated how exactly these 
dynamics looks like, which F-actin structures are formed and how they support T cell 
activation. Along these lines, it is unclear if all F-actin at the DC synapse is equally 
important or if there are different classes, potentially polymerized by different 
nucleation factors, with distinct roles similar to the situation in T cells [65]. 
Imaging of the T cell-APC immunological synapses is not trivial as it is very dynamic 
and requires recording of several stacks, lacking resolution in time and z-dimension, 
which is one reason why the vast majority of studies replaced APCs by ALBs. 
Therefore, we decided to develop a new imaging setup for live imaging of the DC-T 
cell synapse in a single imaging plane. This setup would allow us to study rapid 
molecular dynamics at the IS. To identify potential F-actin subclasses at the IS we 
decided to follow a knockout approach. To this end we employed WAVE deficient 
DCs, which showed severe T cell priming defects in preliminary studies and the 
previously characterized WASP deficient DCs.   
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Next, we wanted to image synaptic DC F-actin in high spatial resolution. To this end, 
we generated narrow chambers of 3-4µm height by confining OVA peptide loaded, 
Lifeact-eGFP expressing DCs together with TCR transgenic T cells between glass 
slides and polydimethylsiloxane (PDMS) pillars of a defined height. In this setup, 
DCs and T cells frequently form immunological synapses in the horizontal plane, 
making them ideal for imaging by confocal microscopy (Fig.11A). In z-
reconstructions, DC F-actin uniformly accumulated at the contact site. However, 
imaging directly at the contact plane revealed that DC F-actin accumulates in 
discrete, dot-like foci at the IS (Fig.11B). To exclude that F-actin accumulations are 
caused by membrane undulations we used DCs derived from Lifeact-
eGFP/membrane-targeted Tomato double transgenic mice. Whereas Lifeact-eGFP 
was strongly enriched at the IS there was no apparent membrane accumulation at 
the IS (Fig.11C). Thus we conclude that F-actin accumulations are caused by de-
novo polymerization and not by large-scale membrane rearrangements within the 
resolution of confocal microscopy. To confirm the existence of F-actin foci at the IS, 
independently of the Lifeact-eGFP probe we injected DCs and T cells between glass 
slides and a layer of agarose where similar types of contacts are formed. Staining 
with phalloidin, followed by superresolution microscopy confirmed the existence of F-
actin foci at the IS between DCs and T cells (Fig.11D). 
Before we set out to describe the dynamics of DC F-actin at the IS in a wt and knock-
out context, we first decided to thoroughly characterize T cell priming defects of 
hem1-/- DCs. Absence of WAVE in DCs leads to strong impairment in T cell priming, 
resulting in strongly reduced T cell numbers under all peptide concentrations, 96h 
after the assay was started (Fig.12A). To determine which stage of T cell priming is 
affected, we simultaneously stained for the naïve T cell marker CD62L and the early 
activation marker CD69 at different time-points of DC-T cell interactions. After only 
two hours, the first time-point assessed, a markedly reduced number of T cells 
appeared in the CD69high CD62Llow gate when they were primed by hem1-/- DCs. 
This defect was visible at all time-points, culminating at 16h and occurring under all 
peptide concentrations (Fig.12B and C). Additionally, there was a strong reduction of 
IL-2 levels in the supernatants of hem1-/- DC-T cell co-cultures (Fig.12D). Taken 
together, our data show that absence of WAVE in DCs leads to immediate and early 
T cell priming defects, resulting in a lower number of activated T cells and reduced 
IL-2 levels that are suboptimal to support full T cell expansion. 
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Figure 12. Characterization of T cell  priming defects of hem1-/- DC. (A) FACS analysis of 
CFSE dilution-T cell proliferation assays under varying OVA peptide concentrations, 96h after start of 
OT-II TCR CD4+, CFSE stained T cell and wt or hem1-/- mDC co-culture. (B) FACS stainings for 
CD62L and CD69, pre-gated on CD4, 2, 4, 6 or 16h after start of wt or hem1-/- DC-T cell co-cultures 
in the presence of 0.1µg/ml OVA peptide. (C) Quantification of CD62L and CD69 stainings shown in 
(B) under varying peptide concentrations, 16h after start of co-culture. Pooled from three biologically 
independent experiments. (D) Supernatant IL-2 levels 16h after start of wt or hem1-/- mDC-T cell co-
cultures, measured by ELISA. Data were pooled from three biologically independent experiments    
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Next, we turned to the dynamics of DC F-actin at the IS, employing fast confocal 
imaging of synapses formed between Lifeact-eGFP expressing DCs and T cells in 
our confiner setup. This revealed that F-actin foci exhibit variable lifetimes of a few 
seconds up to the whole imaging period of about three minutes. F-actin foci are 
formed throughout the whole synaptic interface and there is no centripetal flow 
towards an actin-free central region as has been described for the prototypical T cell 
synapse (Fig.13A). Importantly, Arp2/3 appears in similar structures, suggesting that 
synaptic F-actin is mainly branched (Fig.13B). Interestingly, we could not observe 
any apparent changes in F-actin foci dynamics at synapses formed between WAVE 
or WASP depleted DCs and T cells. However, we detected a clear overall reduction 
of DC F-actin enrichment at these synapses (Fig.13A and C). To determine the 
organization and dynamics of T cell- in relation to DC F-actin we imaged synapses 
formed between Lifeact-mCherry expressing wt DCs and TCR transgenic T cells 
expressing Lifeact-eGFP. T cell F-actin appears in similar foci as in DCs but 
importantly seems to be anti-correlated with actin polymerization in DCs (Fig.13C). 
Interestingly, T cells form numerous actin-dependent microvilli that recently have 
been shown to rapidly scan surfaces for ligands in the form of pMHC [70],[91]. 
Together with the notion that DC-T cell synapses are multifocal [77], this intrigued us 
to ask the question if the observed F-actin foci in both cell types correspond to 
regions of microvilli formation. Potentially, this could generate tightly interlocked 
synapses with a large surface area. We further speculated that the reduced synaptic 
F-actin levels in WAVE deficient DCs might lead to ultra structural changes that 
potentially explain their T cell priming defects. To test these hypotheses we decided 
to resolve the ultrastructure of wt and hem1-/- DC-T cell synapses by electron 
microscopy. Cells were allowed to interact for two hours on glass slides and were 
then fixed by high pressure freezing (HPF), which leads to far better preservation of 
membranes compared to chemical fixation [92]. After freeze-substitution and resin 
embedding 70nm sections were cut and imaged, using an automated serial 
sectioning system followed by a semi-automated imaging procedure. This allowed us 
to fully reconstruct the ultra structure of synapses formed between wt or hem1-/- DCs 
and T cells. DCs appeared to entangle T cells, reminiscent of previous observations 
(Fig.14A and D) [81]. Furthermore, T cell microvilli were readily visible in conjugates 
formed with wt DCs and sometimes penetrated deeply into the DCs cell body. 
However, we could not observe microvilli emanating from the DC. Instead, the DC 
cell membrane appeared relatively flat and in close apposition to the T cell 
membrane, except where it was invaginated by T cell protrusions (Fig.14B-D). 
Surprisingly, we could not observe any T Cell microvilli formation in conjugates with 
hem1-/- DCs and the cell membranes appeared to be flat and in very close 
apposition (Fig.14D-G).  
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5.5  Discussion and future directions  
In this study we used a novel imaging approach to study F-actin dynamics at the 
immunological synapse for the first time. Confinement of DCs and T cells leads to 
preferential formation of the IS in one horizontal imaging plane that is ideally suited 
for fast confocal imaging. DC and T cell F-actin appears throughout the whole 
synaptic interface in foci that are dynamic, but do not undergo centripetal flow as has 
been described for the prototypical T cell IS. Arp2/3 appears in similar structures at 
the IS, suggesting that branched actin networks play an important role in F-actin foci 
formation. Consequently, DCs that lack the NPF WAVE show severe T cell priming 
defects that correlate with reduced F-actin levels at the IS, which can be also 
observed in WASP deficient DCs. In both cases F-actin foci are still formed and thus 
our data suggest that WASP and WAVE cooperatively activate Arp2/3 to nucleate 
actin at the IS. Recent observations of actin dependent, TCR bearing microvilli on T 
cells intrigued us to test if the observed F-actin foci in our setup correspond to 
microvilli formation by T cells and DCs at the IS. To this end we resolved the IS 
ultrastructure by EM. Interestingly, we found that T cell microvilli deeply invaginate 
the DC membrane but could not detect DC membrane protrusions at the IS. These 
results stand in conflict to earlier EM studies of the DC-T cell IS that either detected 
only small scale membrane undulations [77] or that found T cell microvilli, but no 
deep invaginations of the DC membrane [78]. However, we want to point out that 
these studies used room temperature fixation for sample preparation. In contrast, 
HPF, which was our method of choice, is supposed to give far better results in terms 
of membrane structure preservation. In support of this idea, a HPF EM study of T cell 
– CH27 B cell lymphoma synapses could also identify T cell microvilli that deeply 
penetrate into the APC [93]. Strikingly, we found that T cells fail to form microvilli in 
conjugation with hem1-/- DCs and no invaginations were formed, coinciding with 
higher membrane tension of the WAVE deficient DCs. 
These results raise three main questions: (1) what is the cause for higher membrane 
tension in WAVE depleted DCs, (2) what is the functional importance of T cell 
microvilli at the IS, (3) what is the role DC F-actin if not protrusion formation.   
We recently showed that hem1-/- DCs have a lower level of F-actin compared to wt 
DCs [94]. Therefore, one explanation for the elevated membrane tension in WAVE 
depleted DCs might be an imbalance between F-actin and myosin, making these 
cells more contractile. Potentially, T cells are unable to overcome the increased 
resistance and fail to form microvilli against the DCs plasma membrane. To test this 
hypothesis we aim to artificially increase membrane tension of wt DCs, followed by 
ultrastructural characterization of the synapses formed with T cells.   
Although it has been suggested that microvilli serve to increase the surface area 
between APC and T cell it has been recently shown that the TCR mainly localizes to 
the tips of microvilli. Therefore, the formation of microvilli in T cells might be required 
to form regions with high membrane curvature that allows clustering of TCR signaling 
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components as has been recently suggested [79]. Conversely, membrane 
invagination might lead to local clustering of MHCII or ICAM-1 on the DC side of the 
synapse. Consequently, one of our immediate aims is to determine their localization 
and to test if TCR complex components fail to cluster in synapses formed between T 
cells and hem1-/- DCs.  
The so far discussed results shed light on the overall importance of cell mechanics 
and force balance in T cell priming by DCs. In contrast, the exact role of DC F-actin, 
directly at the IS remains unknown and we ruled out the possibility that it 
corresponds to protrusion formation. However, the correlation we found between F-
actin enrichment at the IS and T cell priming efficiency is in line with a model of DC 
ICAM-1 immobilization mentioned earlier [88]. In this model, the DC F-actin 
cytoskeleton serves to immobilize and cluster ICAM-1, which serves as binding 
partner for LFA-1 on T cells. F-actin flow in T cells, which is linked to LFA-1, keeps it 
in its high affinity signaling state. This requires a counter force, provided by 
immobilized ICAM-1. In the framework of this model, reduced F-actin levels at the 
synapses of WAVE depleted DCs lead to reduced clustering of ICAM-1 and thus 
impairment of LFA-1 signaling, which we aim to test by determining the localization 
of ICAM-1 as mentioned before. 
Another intriguing possibility is that DC F-actin has a role in endocytosis and 
recycling of MHCII or ICAM1 at the IS. It is firmly established that maturation of DCs 
leads to stalling of MHCII biosynthesis and re-distribution of the intracellular pool to 
the cell surface for antigen presentation where it undergoes extremely slow turnover 
[95]. However, it has been shown that encounter with primed T cells or antibody 
crosslinking leads to rapid endocytosis and depletion of MHCII from the DCs 
membrane [96]. Although our results were exclusively obtained with naïve T cells it is 
possible that there is some role for endocytosis in these early phases of T cell 
priming that ensures turnover of MHCII or other molecules. Therefore, we also aim to 
perform pioneering experiments in this direction by co-localizing F-actin foci with 
early endosome markers.  
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5.6  Material and methods  
 
Cell culture 
R10 medium, consisting of RPMI 1640, supplemented with 10% Fetal Calf Serum 
(FCS), 2mM L-Glutamin, 100U/ml Penicillin, 100µg/ml Streptomycin and 50µM 2-
Mercaptoethanol (all Thermofisher), was used as basic medium for all cells if not 
noted otherwise. 
Mice 
OT-II (B6.Cg-Tg(TcraTcrb)425Cbn/J, Jackson), WASP and hem1 knock-out mice 
have been described previously and were bred to Lifeact-eGFP mice in the C57BL/6 
background [51],[97]–[99]. To obtain Lifeact-eGFP – membrane Tomato double 
transgenics, Lifeact-eGFP mice were bred to mTmG (Gt(ROSA)26Sortm4(ACTB-tdTomato,-
EGFP)LuoIJ, Jackson) animals.  
Dendritic cell generation 
DCs were differentiated from the bone marrow of male or female 6-12 week old mice 
as described previously [30]. In brief, 2x10^6 (1.25x10^6 in case of hem1-/-) bone 
marrow cells were seeded into 94mm petri dishes in 9ml R10 and 1ml in-house 
generated supernatant of a granulocyte-macrophage colony stimulating factor (GM-
CSF) producing hybridoma cell line. Cells were collected from the supernatant on 
day 8 or 9 and stimulated with LPS over night. Only cells from the supernatant were 
used for experiments. 
Lentiviral infection of bone marrow 
The Lifeact-mCherry plasmid was obtained by replacing eGFP with mCherry on a 
previously described plasmid [100]. The ArpC5-eGFP was as described [101]. Both 
reporter constructs were PCR amplified with primers that contained gateway sites to 
first integrate them into pDONR221, which was then used to obtain pLenti6.3 
expression plasmids (both Thermofisher). Viruses were produced in LX-293T cells 
according to standard procedures. 4x10^6 bone marrow cells per well from a freshly 
sacrificed wt mouse were seeded in a 12-well dish in 900µl R10 and 100µl GM-CSF 
and incubated over night in an incubator. On the following day, 500µl virus together 
with 8µg/ml polybren were added and plates were spun with 2000rpm. for 2h at 37°C. 
After centrifugation, 500µl were taken off and cells from one well were re-suspended 
in 9ml R10 and 1ml GM-CSF in a petri dish. Cells were then treated like a regular DC 
culture. FACS sorting was used to enrich for fluorescent cells before experiments.  
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T cell isolation 
CD4+ T cells were isolated from male or female 6-12 week old OT-II mice by 
negative selection, using the ‘EasySep Mouse CD4+ T cell isolation’ kit (Stemcell). 
For some assays, T cells were stained with 2.5µM 5-(and-6)-
Carboxytetramethylrhodamine (TAMRA, Thermofisher) or 1µM 
Carboxyfluoresceinsuccinimidylester (CFSE) in PBS for 10min. at room temperature 
(TAMRA) or at 37°C (CFSE). 
 
FACS stainings 
All stainings were carried out in FACS Buffer (1x PBS, 2mM EDTA, 1% BSA) for 
15min. at 4°C. Antibodies and reagents were obtained from ebioscience and used in 
the following dilutions: rat anti-mouse CD62L-PE (MEL-14), 1/1500; armenian 
hamster anti-mouse CD69-APC-eFluor780 (H1.2F3), 1/200; rat anti-mouse CD4-
eFluor450 (GK1.5), 1/800; armenian hamster anti-mouse Cd11c-APC (N418), 1/300; 
rat anti-mouse MHCII-eFluor450 (M5/114.15.2), 1/800; 7-amino-actinomycin D 
(7AAD), 1/200. Prior to staining of DCs, Fc receptors were blocked (using anti-
mouse CD16/CD32, 1/100, 93) to prevent unspecific antibody binding. 
  
T cell proliferation and activation assays 
T cell proliferation assays were carried out in 96-well round bottom plates by co-
incubation of 10.000 DCs with 50.000 freshly isolated and CFSE stained CD4+ OT-II 
cells in the presence of varying concentrations of homemade OVA 323-339 peptide. 
For some assays, DCs were pre-treated with 1µM mycalolide B at 37°C for 15min., 
followed by three washes with R10. After 96h plates were spun down and cells were 
stained with 7AAD and for CD4+. Analysis was carried out on a BD FACS Canto II, 
equipped with an automated high throughput sampler. 
T cell activation assays were carried out in a similar way at respective time-points by 
staining for CD62L and CD69. In this case cells were not stained with CFSE or 7AAD. 
To determine IL-2 levels, 100µl of supernatant were removed after 16h and analyzed 
using the IL-2 mouse ELISA kit (Thermofisher). 
 
Light microscopy 
For live-cell imaging, 0.1µg/ml OVA peptide loaded DCs and T cells were confined 
between glass slides and 3µm PDMS pillars that have been described previously [51] 
and placed in an incubator for 1h. Microscopy was then carried out on a motorized 
and heated stage at 37°C and 5% CO2 with an inverted microscope (Zeiss), 
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equipped with a spinning-disc system (iXon897, Andor), a Plan-Apochromat 
100×/1.4 oil objective (Zeiss) and a 488 laser. For fixed sample preparation, DCs 
and T cells were injected between glass slides and a layer of agarose as has been 
described previously [102]. After 2h cells were fixed with 3% PFA and the agarose 
layer was carefully removed. Cells were then permeabilized with 0.2% TritonX-100 in 
PBS for 15min. and blocked with 1% BSA in PBS for 1h. Samples were then stained 
for 20min. with 1/40 diluted Alexa488 conjugated phalloidin and mounted with DAPI 
containing Fluoromount-G (all Thermofisher). Super resolution imaging was 
performed on an airyscan equipped LSM880 confocal microscope (Zeiss). 
Lifeact-eGFP or membrane Tomato enrichment was calculated by dividing 
background subtracted mean grey values of synaptic- by the mean grey values of 
non-synaptic regions. Fiji [103] was used for all image handling, processing and 
quantification. 
 
Electron microscopy 
Sapphire discs were coated with carbon land markings and incubated with 0.001% 
Poly-L-Lysine (Sigma) in water over night at 4°C. On the next day, discs were placed 
in a 12-well dish, rinsed twice with water and dried for 4h at room temperature. T 
cells and 0.1µg/ml OVA peptide loaded wt or hem1-/- DCs were seeded in R10 and 
allowed to interact for 2h. Samples were mildly pre-fixed with 1% PFA for 10min. and 
then immediately transferred to a Baltec HPM010 machine for high pressure freezing. 
Freeze substitution was carried out in an automated Leica EMAFS machine 
according to the following protocol: 23.5h at -82°C with acetone and 0.1% tannic acid, 
followed by a change to acetone, 1% osmium tetroxide and 0.2% uranylacetate and 
incubation for another 7h. In the next 1.5h the temperature was then raised to -60°C, 
held for 3h and then raised to -30°C over the course of 2h. The temperature was 
then raised to 0°C. Embedding was started by acetone washes and infiltration of the 
samples with resin/propylene oxide mixtures with increasing amounts of resin. 
Samples were infiltrated with pure resin over night and then allowed to polymerize at 
60°C for 2-3 days. Serial sections of 70nm were cut with an automated tape 
collecting ultra microtome (ATUMtome, RMC) and placed on a waiver for semi-
automated image collection with a Merlin compact VP field-emission scanning 
electron microscope (Zeiss). The Fiji plugin ‘TrakEM2’ [104] was used for image 
alignment.     
 
Atomic force microscopy 
Membrane tension was measured by pulling tethers of wt and hem1-/- DCs as has 
been described previously [105]. To this end, cells were seeded onto poly-L-lysine 
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coated cover slips and tethers were pulled with the cantilever of an atomic force 
microscope until they ruptured and the tether force, a readout for membrane tension 
was recorded. 
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6  Concluding remarks  
 
In the here presented thesis we studied the role of branched actin networks in the 
context of two aspects of dendritic cell biology: migration and antigen presentation. 
The NPFs WAVE and WASP are non-redundant and show differences in their 
localization in DCs. While WAVE always localizes to lamellipodia of DCs, WASP is 
completely absent from the leading edge of immature DCs. Although it is currently 
unclear what leads to this sub compartmentalization it is a remarkable example for 
how branched actin polymerization is directed to certain compartments to construct 
different structures. While WAVE nucleates branched F-actin to construct 
lamellipodia, WASP has been shown to be involved in the formation of podosomes 
that facilitate antigen uptake [106]. Upon maturation, antigen uptake ceases and thus 
WASP is redirected for a new function in migration at the leading edge. However, this 
precise function in mature DCs remains to be elucidated and again seems to be non-
redundant with WAVE as WASP is not able to restore lamellipodia formation in 
mature DCs while WASP deficient DCs exhibit lamellipodia (personal observation) 
but show defective migration [86],[107]. 
The different roles of WAVE and WASP in different maturation stages of DCs 
allowed us to generate cells with different types and numbers of protrusions and to 
study their role in migration. Our results challenge the paradigm of lamellipodia as 
force transducing units and show that they rather serve a sensory function in 
leukocyte migration. 
Once DCs begin to present antigen to T cells in the lymph node the actin nucleation 
machinery is re-directed to this new task. Again branched actin networks play a 
decisive role as interference with WASP or, as shown here, WAVE leads to severe 
defects in T cell priming [86],[107]. However, the precise role of the two NPFs at the 
DC IS remains unknown. We observed a less severe T cell priming defect of WASP 
deficient- compared to WAVE deficient DCs (personal observation), which indicates 
that the two NPFs have not completely redundant functions at the IS. However, 
according to our imaging data in both, WAVE and WASP deficient DCs, there is a 
comparable reduction of F-actin enrichment at the IS but no clear structural change 
(e.g. loss of actin foci) was apparent. This might indicate that DC branched actin 
merely constructs a local anchorage platform with ICAM-1 [88]. In this scenario the 
concerted action of WAVE and WASP would be necessary to reach optimal 
branched F-actin enrichment for T cell anchorage and priming. Super resolution 
microscopy of actin and other factors in WAVE and WASP deficient DC-T cell 
synapses might help to resolve these open questions. 
Finally, we found that WAVE deficient DCs show an increase in membrane tension 
that correlates with the absence of T cell microvilli at the IS. Although much work 
remains to be done to thoroughly characterize this phenotype, we think it might point 
towards an exciting but previously underappreciated role of cellular mechanics in T 
cell priming.    
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